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In  solid  oxide  fuel  cells  (SOFC)  for  operating  temperatures  of  800  °C  or  below,  the  interconnection  plates 
can  be  made  from  stainless  steel.  This  is  a  big  economic  advantage,  but  energy  losses  can  be  caused  by 
undesirable  reactions  between  the  alloys  and  other  SOFC  components.  The  use  of  coatings  on  interconnect 
stainless  steels  can  reduce  this  degradation.  A  MnCoi.9Fe0.i  04  (MCF)  spinel  not  only  significantly  decreases 
the  contact  resistance  between  a  Lao.8Sro.2Fe03  cathode  and  a  stainless  steel  interconnect,  but  also  acts 
as  a  diffusion  barrier  to  prevent  Cr  outward  migration  through  the  coating.  The  level  of  improvement  in 
electrical  performance  depends  on  the  ferritic  substrate  composition.  For  Crofer22APU  and  F18TNb,  with 
a  Mn  concentration  of  0.4  and  0.12  wt%,  respectively,  the  reduction  in  contact  resistance  is  significant.  In 
comparison,  limited  improvement  is  achieved  by  application  of  MCF  on  IT-11  and  E-Brite  containing  no  Mn. 
No  influence  of  the  minor  additions  of  Si  or  A1  is  observed  on  contact  resistance.  The  MCF  protection  layer 
bonds  well  to  the  stainless  steel  substrates  under  thermal  cycling,  but  the  thermal  expansion  difference 
is  too  large  between  the  Lao.8Sro.2Coo.75Feo.25O3  contact  layer  used  and  Crofer22APU  and  IT-11. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  SOFC  designed  by  Ikerlan  for  an  operating  temperature  of 
600-800  °C  is  a  metal-supported  tubular  fuel  cell  [1,2],  developed 
to  be  used  for  electricity  and  heat  generation  in  domestic  systems. 
This  electrochemical  device  will  operate  at  temperatures  below 
800  °C,  allowing  the  ceramic  components  to  be  replaced,  i.e.  LaCr03, 
by  metallic  materials  as  current  collectors  [3-5].  Several  earlier 
publications  were  dedicated  to  cathode  current  collectors  [3,4,6]. 
The  characteristics  of  these  current  collectors  are  the  following: 

1-  Compatibility  of  the  thermal  expansion  coefficient  with  that 
of  the  ceramic  components,  i.e.  electrolyte  material  (yttria- 
stabilised  zirconia  YSZ,  10.5  x  10-6  K-1  between  20  and  1000  °C 
[3,4])  and  cathode  material  (strontium-substituted  lanthanum 
ferrite,  Lao.8Sro.2Fe03,  13.3  x  lO"6  K"1  [7]). 

2-  High  electronic  conductivity  in  cathode  atmosphere.  In  the  case 
of  oxides  with  low  conductivity,  the  oxide  scale  should  be  mod¬ 
ified  or  should  have  a  slow  growth  rate  [8,9]. 
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3-  Very  low  chemical  reactivity  with  the  cathode  material  and  no 
chromium  evaporation  at  the  operating  temperature. 

4-  The  interconnect  should  be  easy  to  manufacture,  which  is  a  key 
point  in  determining  the  feasibility  of  large-scale  manufactur¬ 
ing. 

5-  The  cost  of  raw  materials  as  well  as  manufacturing  processes  for 
the  interconnect  also  need  to  be  as  low  as  possible  so  that  they 
will  not  present  major  obstacles  to  commercialization.  A  reduc¬ 
tion  in  the  cost  of  the  interconnect  especially  is  of  particular 
significance  for  the  metal-supported  tubular  SOFC. 

Ferritic  steels  with  more  than  16%  of  chromium  content  are  the 
most  desirable  materials  combining  most  of  these  properties  [3]. 
A  disadvantage  of  the  metallic  interconnects  is  the  formation  of 
oxide  scales  leading  to  significant  ohmic  losses.  The  oxidation  of 
steels  can  be  improved,  and  many  studies  reported  on  the  effect 
of  small  amounts  of  alloyed  elements  in  oxidation,  demonstrating 
that  the  oxidation  of  steels  does  not  only  depend  on  the  Cr  content. 
The  most  commonly  used  reactive  elements  (RE),  which  are  added 
in  concentrations  of  a  few  hundreds  or  tenths  of  a  percent,  are  Y, 
La,  Ce  and  Nd  as  metallic  or  oxide  particles.  Apart  from  improved 
oxide  scale  adhesion,  the  RE  addition  leads  to  a  substantial  decrease 
in  oxide  growth  rate  [10,11  ]  and  in  the  case  of  low  Cr  alloys  they  pro¬ 
mote  the  selective  oxidation  of  chromium  [12].  If  the  RE  is  added 
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Table  1 

Composition  of  the  steels  in  weight% 
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in  the  form  of  an  oxide  dispersion,  it  not  only  improves  the  oxida¬ 
tion  resistance,  but  it  also  has  a  positive  effect  on  the  mechanical 
properties,  especially  creep  resistance  [12,13]. 

Crofer22APU,  F18TNb,  IT-11  and  E-Brite  are  ferritic  steels  and 
have  been  selected  from  among  a  large  number  of  possible  mate¬ 
rials  showing  the  aforementioned  characteristics.  IT-11  and  the 
E-Brite  have  been  chosen  due  to  their  low  and  high  impurities  of  Si 
and  Al,  respectively,  and  are  known  to  form  a  Cr203  layer  [14-16]. 
Crofer22APU  and  F18TNb  have  also  been  selected  because  of  their 
low  and  high  Si  and  Al  contents,  respectively.  However,  these  two 
steels  contain  a  small  amount  of  Mn,  which  favours  the  formation 
of  two  oxides  layers  composed  of  chromium  oxide  and  an  outside 
layer  of  manganese  chromium  spinel  [16]. 

Several  disadvantages  have  been  observed  when  ferritic  steels 
were  used  as  a  cathode  current  collector.  The  Cr  migration  they 
show,  by  evaporation  or  diffusion,  degrades  the  electrochemical 
properties  of  the  SOFC  by  decomposition  of  the  cathode  or  depo¬ 
sition  at  the  active  sites  of  oxygen  reduction  [17-19].  It  has  been 
demonstrated  that  the  steels  forming  MnCr204/Cr203  oxide  layers 
under  oxidising  SOFC  operating  conditions,  substantially  reduce 
the  Cr  evaporation  [20].  However,  a  further  improvement  of  Cr 
retention  can  be  achieved  by  coating  the  interconnect  with  spinel¬ 
forming  elements  such  as  cobalt  manganese  spinels  [21-23]. 

Interaction  of  the  metallic  interconnects  with  the  adjacent 
ceramic  cell  components  and  the  resulting  stable  time-dependent 
resistance  of  these  material  combinations  is  highly  important.  To 
address  the  latter  problem,  contact  materials  are  used  in  stack 
assembly  for  better  electrical  contact  between  the  interconnects 
and  the  electrodes  and  also  for  compensation  of  dimensional  tol¬ 
erances  of  the  parts.  Such  contact  layers  have  no  direct  role  in 
electrochemical  reaction,  but  they  can  provide  a  homogeneous  con¬ 
tact  over  the  whole  area  of  the  fuel  cell  and  minimise  the  ohmic 
losses  within  the  stack.  A  chemical  interaction  between  the  con¬ 
tact  layer  and  an  electrode  or  the  interconnect  should  not  occur,  but 
cannot  be  avoided  in  most  cases  due  to  the  reaction  of  the  contact 
material  with  the  chromia  scale  formed  on  the  interconnect. 

This  work  presents  the  effect  of  a  MnC01.9Feo.1O4  spinel  as 
protective  coating  and  Lao.sSro.2Coo.75Feo.25O3  perovskite  as  a  con¬ 
tact  layer  in  combination  with  several  commercial  ferritic  steels 
at  800  °C.  Analyses  of  the  structural  evolution  were  carried  out 
by  electron  microscopy  when  samples  were  oxidized  isother- 
mally  and  cyclically  in  order  to  observe  reactions  and  mechanical 
stability  between  the  alloys  and  the  applied  layers.  In  addition,  con¬ 
tact  resistance  measurements  between  the  coated  alloys  and  the 
Lao.8Sr0.2Fe03  cathode  were  performed  by  4  point  DC  up  to  1000  h. 

2.  Experimental  procedure 

Four  commercial  steels  were  investigated  at  800  °C:  Cro- 
fer22APU  (ThyssenKrupp  VDM,  Werdohl,  Germany),  F18TNb  (Ugine 
Arcelor,  Isbergues,  France),  IT-11  (Plansee  AG,  Reutte,  Austria)  and 
E-Brite  (Allegheny-Lludlum,  Pittsburg,  USA).  The  composition  of 
the  steels,  given  by  the  suppliers,  is  listed  in  Table  1.  Even  if  the 
envisaged  SOFC  is  tubular-shaped,  all  the  tests  were  carried  out 
with  flat  samples  for  an  easier  experimental  mounting  and  charac¬ 
terisation. 


Platinum  paste 


Fig.  1.  Sample  setup  for  ASR  measurements  for  steel-cathode  contact  resistances. 


Area  specific  resistance  (ASR)  measurements  were  carried  out 
as  shown  in  Fig.  1.  The  alloys  were  cut  in  10  x  10  x  1  mm3  pieces, 
polished  and  cleaned  before  coating.  The  protective  layer  against  Cr 
poisoning  was  prepared  by  slurry  coating  of  MnC01.9Feo.1O4  (MCF) 
spinel  powders  [24],  supplied  by  HC  Starck  (Goslar,  Germany). 
The  MCF  ink  was  applied  by  screen-printing  onto  the  different 
steels  (approximately  60  [xm  of  thickness  before  drying).  The  den- 
sification  of  the  applied  spinel  coating  was  realised  by  reactive 
sintering  at  800  °C.  For  this  purpose,  the  coated  steel  was  exposed 
to  a  reducing  atmosphere  of  10_18bar  oxygen  partial  pressure, 
obtained  by  an  Ar/3%  H20/4%  H2  gas  mixture,  for  2  h  and  after  the 
reducing  heat-treatment,  reoxidized  during  10  h  in  air  for  obtain¬ 
ing  again  a  spinel  structure  [23,25].  The  spinels  were  analysed 
before  and  after  densification  by  X-ray  diffraction  (XRD;  Siemens 
D500).  After  densification  of  this  layer,  a  Lao.sSro.2Coo.75Feo.25O3 
(LSCF)  [26]  contact  layer  was  applied  to  ensure  a  good  contact 
with  the  La0.8Sr0.2FeO3  (LSF)  cathode  substrate  (Fig.  1),  also  by 
screen-printing  (approximately  160  |xm  before  drying).  The  per¬ 
ovskite  powders  were  produced  by  the  Pechini  method  [27].  The 
LSF  powder  was  produced  by  spray  pyrolysis  and  their  pellets 
were  manufactured  by  the  Coat-Mix®  method  [28]  and  sintered 
at  1100  °C.  The  assembling  of  the  coated  steels  with  the  LSF  cath¬ 
ode  was  carried  out  by  a  heat-treatment  in  air  at  850  °C  for  10  h. 
A  weight  of  0.5  kg  cm-2  was  uniformly  loaded  onto  the  samples  in 
order  to  achieve  a  better  mechanical  contact  during  measurement. 
Current  density  of  0.3  A  cm-2  was  applied  during  the  resistance 
measurement  by  4  point  DC  setup  for  up  to  1000  h. 

The  microstructure  and  composition  of  the  samples  after  ASR 
measurement  was  characterised  by  scanning  electron  microscopy 
(SEM)  (Zeiss  Ultra55)  combined  with  energy  dispersive  X-ray  spec¬ 
troscopy  (EDX)  on  cross-sections  of  the  specimens. 

Finally,  the  thermo-mechanical  stability  of  the  densified  spinel 
protection  layer  on  the  steels  with  and  without  perovskite  contact 
layer  was  evaluated  by  cyclic  oxidation  tests.  For  this  purpose  six 
samples,  two  of  Crofer22APU,  F18TNb  and  IT-11  each,  were  cut  in 
50  x  20  x  1  mm3  pieces,  polished  with  1200  SiC  grit,  and  screen- 
printed  with  MCF.  After  heat-treatment  at  800  °C  for  densification, 
one  piece  of  every  steel  was  coated  with  LSCF  contact  layer  and  the 
other  remained  uncoated.  Visual  inspection  of  the  samples  took 
place  after  43  cycles  of  23  h  at  800  °C  and  1  h  at  room  temperature, 
representing  approximately  1000  h  at  800  °C.  Samples  were  instan¬ 
taneously  heated  and  cooled  during  the  cycles  by  putting  them  into 
and  taking  them  out  of  the  furnace  without  special  attention  to 
cooling  or  heating  rates. 
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Fig.  2.  XRD  patterns  of  MCF  powder  after  calcination  at  750  °C  (a)  and  after  densi- 
fication  and  300  h  of  oxidation  in  air  on  Crofer22APU  (b). 


3.  Results  and  discussion 

3.1.  Evolution  of  spinel  coating  on  ferritic  steels 

Fig.  2  shows  the  XRD  pattern  of  the  MCF  powder  after  pow¬ 
der  preparation  in  comparison  to  the  MCF-coated  on  Crofer22APU 
after  reactive  sintering  and  300  h  of  oxidation  in  air.  The  lattice 
parameter  remained  unchanged  in  both  cases,  8.309  and  8.307  A, 
respectively.  After  powder  preparation,  Fe203  was  detected  as  an 
impurity.  In  the  pattern  after  300  h  of  oxidation  in  air  a-FeCr  from 
the  steel  is  detected.  In  comparison  to  MnCo204,  a  slight  increase 
of  the  lattice  parameter  was  observed  (a  =  8.28  A,  JCPDS  no.  01  -084- 
0482)  in  both  cases  shown  in  Fig.  2.  This  increase  is  likely  due  to  the 
partial  substitution  of  iron  in  the  spinel  as  no  Cr  was  detected  in  the 
spinel  before  reactive  sintering.  Cr  substitution  in  this  spinel  might 
also  lead  to  an  increase  in  lattice  parameter,  because  (Mn,Cr)304 
spinels  have  lattice  parameters  in  the  range  of  8.43-8.47  A  (JCPDS 
no.  01  -075-1614  and  01  -071-0982).  Flowever,  it  cannot  be  excluded 
that  the  small  difference  in  lattice  parameter  is  the  result  of  a  partial 
substitution  of  Cr  in  the  spinel  during  the  heat-treatments. 

Fig.  3  shows  the  SEM  cross-section  analysis  of  MCF-coated  Cro- 
fer22APU  after  reactive  densification  at  800  °C  in  air.  The  spinel 
layer  was  well-bonded  to  the  substrate  and  free  of  Cr.  Remain¬ 
ing  porosity  is  still  present  in  the  spinel  layer  and  a  reaction  zone 
of  around  1  |jim  was  generated  between  the  spinel  layer  and  the 


Fig.  3.  SEM  cross-section  of  Crofer22APU  coated  with  MCF  after  reactive  sintering 
at  800  °C.  Inserted  EDX  line-scan  with  Cr,  white  line  with  symbols;  Mn,  white  line; 
Co,  black  line  with  symbols;  Fe,  black  line. 


Fig.  4.  SEM  cross-section  of  densified  spinel  coating  on  Crofer22APU  (a)  and  IT-11 
(b)  after  300  h  in  air  at  800  °C.  Inserted  EDX  line-scan  shows  the  profiles  of  Fe  and 
Cr  just  after  densification  and  after  300  h  in  air  at  800  °C. 


substrate,  characterised  by  a  sharp  Cr  gradient  and  composed  of  a 
chromium-cobalt-manganese  spinel. 

After  300  h  of  oxidation  in  air  (Fig.  4a),  the  coating  is  still  well- 
bonded  to  the  substrate  and  free  from  cracks.  Outside  of  the  reaction 
zone,  the  Cr  content  is  still  below  the  detection  limit  of  EDX  analysis. 
The  pores  seem  to  be  agglomerated.  No  composition  or  thickness 
variation  was  observed  at  the  reaction  zone. 

The  cross-section  analysis  of  the  coated  IT-11  after  300  h  of  oxi¬ 
dation  in  air  (Fig.  4b),  reveals  the  same  microstructural  changes  in 
porosity  as  in  the  case  of  Crofer22APU.  No  Cr  was  observed  in  the 
coating  and  good  adherence  was  achieved,  but  in  contrast  to  the 
Crofer22APU  sample,  the  reaction  zone  shows  an  increase  in  thick¬ 
ness  and  consequently  a  higher  Cr  amount.  The  chromia  growth  on 
IT-11  is  three  times  slower  than  the  growth  on  Crofer22APU  in  air 
at  800  °C  [13,15].  Flence,  the  observed  increase  in  thickness  cannot 
be  related  to  the  chromia  growth  on  the  steel. 

For  a  better  explanation  of  the  changes  observed  in  the  reaction 
zone  of  IT-11,  the  SEM  cross-section  of  the  substrate  with  densi¬ 
fied  spinel  before  and  after  300  h  of  oxidation  in  air  at  800  °C  is 
compared  in  Fig.  5.  The  formation  of  cr-phase,  rich  in  chromium 
and  molybdenum,  within  the  substrate  (grains  with  bright  colour) 
can  be  seen  here,  as  well  as  the  evolution  of  this  phase  with  time. 
The  cr-phase  was  not  detected  before  thermal  treatment  and  the 
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Fig.  5.  SEM  cross-section  of  IT-11  coated  with  MCF  after  reactive  sintering  (a)  and 
after  300  h  in  air  at  800  °C  (b). 

amount  of  transformed  phase  increases  with  oxidation  time,  cre¬ 
ating  elongated  grains  oriented  parallel  to  the  steel  surface.  The 
sample  oxidized  after  300  h  at  800  °C  (Fig.  5b),  shows  a  depleted 
zone  of  cr-phase  of  more  than  20p,m  deep  beneath  the  spinel 
coating.  This  could  be  related  to  the  formation  and  simultaneous 
oxidation  of  the  cr-phase  [29].  The  Cr  originally  retained  in  the  cr- 
phase  diffuses  to  the  steel  surface  and  enriches  the  reaction  zone 
in  chromium  and  depletes  the  cr-phase  within  the  steel. 

3.2.  ASR  of  Crofer22APU-LSCF-LSF  with  and  without  MCF 
protection  layer 

As  shown  in  Fig.  6,  after  temperature  stabilisation,  the  ASR  of 
the  uncoated  sample  increased  from  70  to  80  mC2  cm2  during  260  h 
with  a  relatively  high  rate  when  the  contact  layer  is  in  direct  contact 
with  the  steel.  The  application  of  the  MCF  protective  layer  led  to  a 


Fig.  6.  ASR  of  Crofer22APU-LSCF-LSF(line  without  symbols)  and  Crofer22APU-MCF- 
LSCF-LSF  (line  with  symbols)  as  function  of  time. 


Fig.  7.  SEM  cross-section  of  Crofer22APU-LSCF-LSF  without  protective  layer  after 
260  h  in  air  at  800  °C. 

reduction  in  the  contact  resistance  between  LSF  and  Crofer22APU 
showing  around  41  mC2  cm2  after  temperature  stabilisation,  fol¬ 
lowed  by  a  slow  decrease  during  the  first  260 h  to  36m£2cm2. 
The  reduction  in  ASR  is  mainly  attributed  to  an  improved  chemi¬ 
cal  compatibility  of  the  contact  material  with  the  spinel  protection 
layer  compared  to  its  compatibility  with  Crofer22APU,  i.e.  the  scale 
grown  on  the  metal  [23]. 

The  interaction  between  Crofer22APU  and  LSCF  contact  material 
is  shown  in  Fig.  7.  The  contact  layer  was  well  adhered  to  the  metallic 
substrate  but  the  cathode  was  not  attached  after  the  measurement. 
A  continuous  SrCr04  layer  was  formed  at  the  interfaces  between 
Crofer22APU/LSCF  and  LSCF/LSF  and  SrCr04  was  also  found  within 
the  contact  layer  and  the  LSF  cathode.  A  thin  and  uniform  lan¬ 
thanum  strontium  chromite  layer  (white  coloured  layer  in  Fig.  7) 
was  formed  between  the  applied  LSCF  contact  layer  and  the  SrCr04 
continuous  layer  on  the  steel.  The  increase  observed  in  the  ASR 
measurement  of  the  uncoated  sample  is  attributed  to  the  formation 
of  these  two  layers  with  lower  conductivity  compared  to  MCF.  It  is 
interesting  to  note  that  the  use  of  Lao.sSro.2Coo.5Mno.5O3  as  a  con¬ 
tact  layer  [30]  did  not  show  this  pronounced  formation  of  SrCr04. 
This  is  an  additional  indication  that  LSCF  perovskites  exhibit  the 
tendency  of  easier  release  of  strontium  from  the  crystalline  lattice 
than  manganite-based  perovskites  [31]. 

3.3.  ASR  of  ferritic  steels  with  MCF  protection  layer  and  LSCF 
contact  layer 

The  evolution  of  contact  resistance  over  time  of  the  four  selected 
alloys  in  combination  with  MCF,  LSCF  and  LSF  up  to  1000  h  is  shown 
in  Fig.  8. 

Assuming  a  linear  evolution  of  the  measured  resistivity  over  the 
time,  the  ASR  curves  can  be  divided  into  two  time-dependent  inter¬ 
vals,  an  initial  period  in  which  the  interaction  between  the  applied 
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time/hours 

Fig.  8.  ASR  of  Crofer22APU,  F18TNb,  IT-11,  E-Brite  coated  with  MCF  spinel  and  LSCF 
contact  layer. 

layers  with  the  steels  occur  (interval  A)  and  a  long-term  exposure 
period  (interval  B),  in  which  an  interaction  between  the  applied 
spinel  and  the  contact  layer  occurs  and  the  main  process  is  the 
oxide  scale  growth  beneath  the  MCF  coating.  The  duration  of  the 


periods  and  their  time-dependent  behaviour  depends  on  the  steel 
composition.  For  E-Brite,  the  initial  period  was  estimated  around 
360  h  and  for  Crofer22APU,  IT-11  and  F18TNb  around  120  h.  The 
ASR  was  decreasing  in  this  period  for  all  the  steels  except  for  the 
F18TNb.  In  the  second  period,  the  ASR  values  decreased  for  F18TNb 
and  Crofer22APU,  remains  stable  for  IT-11  and  increases  for  E-Brite. 
The  initial  resistivity  value  and  the  ASR  slopes  for  the  described 
periods  are  listed  in  Table  2. 

After  the  ASR  measurements,  SEM  analysis  on  the  cross-sections 
of  the  tested  samples  (Fig.  9)  indicated  that  the  spinel  coatings 
were  well-bonded  to  the  ferritic  substrates  and  free  from  spal¬ 
lation  but  with  remaining  porosity.  White-coloured  La-rich  and 
grey-coloured  Co-rich  agglomerations  were  observed  in  the  LSCF 
contact  layers,  probably  due  to  an  incomplete  reaction  or  excess  of 
La  during  powder  preparation. 

For  the  coated  Crofer22APU,  a  chromia  scale  about  0.4  p,m  thick 
(measured  directly  from  the  SEM  image)  was  grown  between  the 
metal  substrate  and  the  MCF  coating.  With  EDX  no  evidence  of  Cr 
penetration  thought  the  spinel  coating  was  found  either  into  the 
LSCF  contact  layer  or  into  the  LSF  cathode.  Loss  of  adherence  was 


Table  2 

Resistivity  and  resistivity  slopes  describing  the  time-dependent  ASR  measurements 


Crofer22APU  without  MCF 

E-Brite 

IT-11 

Crofer22APU 

F18TNb 

Initial  resistivity  (m£2 cm2) 

70.9 

51.7 

44.8 

41.7 

35.3 

Slope  during  interval  A  (mC2  cm2  hr1 )  x  103 

51.1 

-14.9 

-30.0 

-38.6 

19.7 

Resistivity  at  the  beginning  of  interval  B  (m£2  cm2) 

78.2 

46.9 

41.5 

37.4 

37.9 

Slope  during  interval  B  (m£2  cm2  h-1 )  x  103 

26.5 

6.9 

-0.2 

-5.2 

-1.5 

(c) 


FZJ  :  IEF  2007  EHT=  15.00  kV  Detector  =  Q BSD  WD  =  9  mm  .T0Fm 


FZJ  :  IEF  2007  EHT  =  15.00  kV  Detector  =  QBSD  WD  =  9  nm 


}&  EHT  =  15.00  kV  Detector  =  QBSD  WD  =  9  mm  I0*”" 


Fig.  9.  SEM  cross-section  of  Crofer22APU  (a),  IT-11  (b),  F18TNb  (c)  and  E-Brite  (d),  coated  with  MCF  protective  layer  and  LSCF  contact  layer  after  4  point  DC  resistivity 
measurement  in  combination  with  LSF  cathode. 
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Table  3 

Chromia  layer  thickness  in  |xm  after  1000  h  of  oxidation  in  air  at  800  °C 


observed  between  the  protection  and  contact  layer  during  cooling 
down  to  room  temperature. 

The  SEM  cross-section  of  the  coated  F18TNb  showed  that  a 
chromia  scale  with  about  2  p,m  thickness  was  grown  between  the 
ferritic  substrate  and  the  MCF  coating.  The  protection  layer  was 
again  well  adherent  to  the  substrate.  Some  cracks  were  observed  in 
the  coating  at  regions  with  high  densification.  Therefore,  the  closed 
pore  microstructure  observed  in  the  case  of  Crofer22APU  may  also 
be  beneficial  by  providing  strain  tolerance  to  improve  thermo¬ 
mechanical  stability  during  SOFC  operation.  A  reaction  zone  was 
detected  under  the  applied  spinel  layer  and  both  EDX  point  and  line 
analyses  found  no  evidence  of  Cr  penetration  through  the  coating 
into  the  LSCF  contact  or  the  LSF  cathode.  The  EDX  analysis,  how¬ 
ever,  showed  segregation  of  Si,  likely  in  the  form  of  silica,  at  the 
interface  between  the  corrosion  scale  and  the  metal  substrate  but 
no  evidence  of  spallation  was  detected  at  least  during  the  duration 
of  this  test.  There  was  also  no  loss  of  adherence  between  the  LSF 
cathode  and  contact  layer  after  cooling  down  to  room  temperature. 

For  the  coated  IT-11,  the  SEM  analysis  of  the  cross-section  indi¬ 
cated  that  the  spinel  coating  was  well-bonded  to  the  substrate  and 
free  from  spallation  or  cracks.  A  thin  chromia  scale  was  observed 
between  the  MCF  coating  and  substrate  alloy  (0.28  p,m),  and  a 
Cr  enriched  reaction  zone  (1.85  pan)  was  detected  as  a  reaction 
zone  with  the  MCF.  Apart  from  this,  no  evidence  of  Cr  penetration 
through  the  spinel  coating  into  LSCF  contact  layer  or  LSF  cathode 
was  detected,  and  the  contact  layer  did  not  spall  off  from  the  cath¬ 
ode  after  cooling  down. 

Finally  for  the  coated  E-Brite,  the  cross-section  analysis  indi¬ 
cated  that  the  spinel  coating  was  also  well-bonded  to  the  substrate. 
A  thin  chromia  scale  was  observed  between  the  coating  and  the 
substrate  (0.75  pan).  Beneath  the  formed  oxide  scale,  a  silica  layer 
was  formed,  which  similarly  to  F18TNb  did  not  affect  the  adherence 
of  the  MCF  coating,  at  least  during  the  1000  h  of  exposure  time.  No 
evidence  of  Cr  penetration  through  the  spinel  coating  into  the  LSCF 
contact  layer  or  the  LSF  cathode  was  detected,  and  the  contact  layer 
adhered  to  the  cathode  after  cooling  down. 

The  MCF  spinel  protection  layer  did  not  apparently  affect  the 
growth  rate  of  the  chromia  scale  formed  on  the  different  metal  sub¬ 
strates,  which  evolved  very  similarly  to  those  observed  for  the  same 
conditions  and  time  during  isothermal  tests  at  800  °C  as  listed  in 
Table  3. 

The  initial  high  resistivity  observed  for  E-Brite  and  IT-11  (see 
Table  2)  is  related  to  the  high  Cr  and  lack  of  Mn  content  of  these 
steels.  During  the  sintering  process  of  the  applied  spinel  coating 
in  reducing  atmosphere,  the  released  Cr  and  the  reduced  Co  can 
form  a  Cr-Co  spinel  reaction  zone  between  the  steel  and  the  MCF 
coating,  whereas  the  reaction  zone  of  Crofer22APU  and  F18TNb  is 
formed  with  lower  Cr  content  and  results  in  a  Cr-Co-Mn  spinel. 
Piron-Abellan  and  cowokers  [20]  showed  that  very  short  oxidation 
times  are  necessary  to  form  a  Mn-Cr  spinel  at  the  Crofer22APU 
surface.  This  spinel,  which  is  also  stable  in  the  reductive  sintering 
conditions,  decreases  the  Cr  release  from  the  steel,  forming  a  lower 
Cr-containing  Mn-Co-Cr  spinel  on  F18TNb  and  Crofer22APU.  Dif¬ 
ferent  groups  have  also  reported  that  a  high  content  of  Cr  and/or  a 
low  content  of  Mn  in  Mn-Co-Cr  spinels  decrease  the  conductivity 
[33,34].  Therefore,  the  initial  values  of  the  observed  resistivities  are 


dominated  by  the  composition  of  the  reaction  zone  formed  during 
the  densification  of  the  applied  MCF  spinel,  which  is  directly  related 
to  the  Cr  and  Mn  content  of  the  steels.  The  Cr  content  and  the  initial 
ASR  is  the  lowest  for  the  F18TNb  followed  by  Crofer22APU  which 
contains  3%  more  Cr  than  F18TNb.  The  third  was  IT-11,  which  con¬ 
tains  a  higher  amount  of  Cr  than  E-Brite,  but  differently  to  this,  IT-11 
also  contains  a  very  low  amount  of  Mn  (even  if  it  is  not  specified 
by  the  supplier),  showing  consequently  for  the  E-Brite  the  highest 
initial  resistivity  value. 

The  composition  of  the  spinel  formed  at  the  reaction  zone  is 
modified  during  the  ASR  measurement  and  dominates  the  resis¬ 
tivity  evolution  during  the  first  interval  A.  These  compositional 
changes  are  related  to  the  Mn  and  Cr  diffusing  from  substrate  steels, 
leading  to  a  spinel  with  similar  composition  for  Crofer22APU  and 
F18TNb,  and  hence  a  similar  resistivity  (see  the  values  in  the  begin¬ 
ning  of  interval  B  summarised  in  Table  2).  The  conductivity  of  the 
spinels  formed  in  the  reaction  zone  after  interval  A  for  IT-11  and 
E-Brite  remains  lower  due  to  the  aforementioned  low  Mn  content 
of  these  steels. 

In  the  analysis  of  the  interface  between  the  protective  and  con¬ 
tact  layer  after  1000  h  of  exposure  time  (Fig.  9),  a  fine-grained 
region  was  observed  in  the  contact  layer  above  the  MCF  spinel  for  all 
the  studied  samples.  This  fine-grained  zone  always  revealed  Mn  by 
EDX,  which  was  initially  not  present  in  the  contact  layer.  As  reported 
by  Tietz  et  al.  [26],  La0.8Sr0.2(Co,Fe)O3  perovskites  possess  a  higher 
conductivity  than  similar  La0.8Sr0.2(Co,Fe,Mn)O3  perovskites.  But 
also  several  beneficial  effects  are  related  to  the  incorporation  of  the 
Mn  into  this  contact  layer  perovskite:  the  reduction  of  the  thermal 
expansion  coefficient,  which  may  improve  the  adherence  between 
the  contact  layer  and  the  protection  layer,  and  an  improvement  in 
the  electrical  contact  due  to  the  finer  grain  size  of  the  newly  formed 
perovskite. 

The  combination  of  the  oxide  scale  growth  rates  and  the  Mn  and 
Cr  content  in  the  reaction  zone  the  composition  of  which  changes 
during  the  test,  and  the  aforementioned  interaction  between  the 
MCF  spinel  and  the  LSCF,  determine  the  different  evolutions  of 
ASR  observed  during  long-term  exposures  (interval  B).  For  the  Cro- 
fer22APU  the  highest  decrease  in  resistivity  was  observed  due  to 
the  low  growth  rate  of  the  oxide  scale  shown  usually  by  this  alloy 
[32]  and  the  high  amount  of  Mn  in  the  steel,  which  leads  to  a  low  Cr 
and  high  Mn  containing  spinel  reaction  zone.  The  F18TNb,  showing 
similar  characteristics  to  Crofer22APU,  has  a  higher  oxide  growth 
rate,  which  is  apparently  the  reason  for  showing  a  lower  rate  of 
resistivity  decrease.  Even  if  the  oxide  growth  rate  for  IT-11  is  the 
lowest  among  the  four  steels  compared  [32],  it  showed  an  initial 
high  Cr-containing  reaction  zone  and  increasing  resistance  values 
with  time.  The  benefit  of  having  the  lowest  oxide  scale  growth  rate 
does  not  seem  to  be  the  determining  property  for  achieving  low  ASR 
values.  Finally  the  E-Brite  showed  the  highest  ASR  and  the  strongest 
increase  of  ASR  because  of  the  high  Cr  content  in  the  reaction  zone 
and  the  high  oxide  scale  growth  rate  [32]. 

3.4.  Thermo -mechanical  stability  of  the  applied  coatings  after 
cyclic  oxidation  test 

The  thermo-mechanical  stability  of  the  densified  spinel  protec¬ 
tion  layer  on  ferritic  steels  with  and  without  a  perovskite  contact 
layer  was  evaluated  by  cyclic  oxidation  tests.  For  this  purpose  only 
Crofer22APU,  F18TNb  and  IT-11  were  tested,  as  these  steels  showed 
the  lowest  degradation  after  ASR  measurement  and  microstructure 
analysis. 

When  no  contact  layer  was  applied,  an  excellent  stability  for  all 
the  substrates  and  no  spallation  or  chipping  was  observed  (Fig.  10). 
In  contrast,  chipping  was  observed  after  1000  h  of  cyclic  oxidation 
on  Crofer22APU  and  IT- 11  when  the  contact  layer  was  applied. 
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Fig.  10.  Samples  of  Crofer22APU  (left),  IT-11  (right)  and  F18TNb  (middle)  coated  with  densified  MCF  (top)  and  coated  with  densified  MCF  and  LSCF  contact  layer  (bottom) 
after  1000  h  of  cyclic  test  at  800  °C  in  air. 


Table  4 

Thermal  expansion  coefficients  (TEC)  of  the  materials  used  in  the  cyclic  test 


The  average  thermal  expansion  coefficients  of  the  materials 
used  for  the  cyclic  test  are  listed  in  Table  4.  Apparently  the  ther¬ 
mal  expansion  match  between  the  MCF  spinel  layer  and  the  LSCF 
perovskite  is  insufficient.  Presumably  it  is  also  insufficient  between 
the  contact  layer  and  the  LSF  cathode  (13.3  x  10-6  K-1  [7]).  There¬ 
fore,  the  use  of  the  LSCF  contact  layer  seems  to  be  detrimental  if 
the  application  of  the  SOFC  is  oriented  to  a  high  thermal  cyclabil- 
ity  and  when  the  stack  is  not  permanently  exposed  to  compressive 
stresses. 


4.  Conclusions 

A  protection  layer  of  MnCcq.9Feo.1O4  spinel  can  be  densified  on 
ferritic  steels  by  reactive  sintering  at  800  °C.  The  densified  spinel 
layer  does  not  only  significantly  decrease  the  contact  resistance 
between  an  LSF  cathode  and  the  steel  interconnect,  it  can  also  act 
effectively  as  a  barrier  to  outward  diffusion  of  chromium  cations, 
preventing  subsequent  chromium  migration  into  the  cathode  and 
contact  material. 

The  evolution  of  ASR  depended  on  the  ferritic  substrate  com¬ 
position.  For  Crofer22APU  and  F18TNb  with  a  relatively  high  Mn 
concentration,  a  decrease  in  contact  resistance  was  observed.  Lim¬ 
ited  improvement  was  achieved  by  the  application  of  the  spinel 
coating  on  IT-11  and  E-Brite,  which  contain  low  or  no  Mn,  respec¬ 
tively.  The  residual  Si  and  Al  amounts  in  F18TNb  and  E-Brite  did 
not  cause  any  spallation  of  oxide  scale  or  protection  layer  and  no 
apparent  conductivity  decrease  during  the  1000  h  of  exposure. 

The  combination  of  good  matching  of  thermal  expansion 
between  the  spinel  and  the  ferritic  steel  as  well  as  the  densified 
microstructure  may  contribute  to  the  observed  excellent  structural 
and  thermo-mechanical  stability  of  these  spinel  protection  layers. 
However,  the  thermal  expansion  match  between  the  spinel  and 
Lao.8Sro.2Coo.75Feo.25O3  contact  layer  seems  to  be  insufficient  for 
thermal  cycling. 
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